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Abstract— In this paper, the capacity of OFDM/OQAM withisotropic orthogonal transfer algorithm (IOTA) pulse shaping isevaluated through information theoretic analysis. In the con-ventional OFDM systems the insertion of a cyclic prefix (CP)decreases the system’s spectral efficiency. As an alternative toOFDM, filter bank based multicarrier systems adopt a properpulse shaping with good time and frequency localisation prop-erties to avoid interference and maintain orthogonality in realfield among sub-carriers without the use of CP. We evaluate thespectral efficiency of OFDM/OQAM systems with IOTA pulseshaping in comparison with conventional OFDM/QAM systems,and our analytical model is further extended in order to gaininsights into the effect of utilizing the intrinsic interference on theperformance of our system. Furthermore, the spectral efficiencyof OFDM/OQAM systems is analyzed when the effect of inter-symbol and inter-carrier interference is considered.
Index Terms— OFDM/OQAM, intrinsic interference.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is amulticarrier technique [1], [2] employed in several wirelessstandards due to its robustness in combatting multipath fadingchannels. By dividing a wideband fading channel into aparallel of flat narrowband channels, OFDM is able to mitigatethe harmful effects of multipath fading. However, this propertyis achieved by extending the length of the OFDM symbol andintroducing a CP. This part of the OFDM symbol containsredundant information and results in a reduced spectral ef-ficiency and increased power consumption. An alternative isthrough the use of pulse shaping filters. With offset modu-lations, for example, offset quadrature amplitude modulation(OQAM), the orthogonality can be maintained with properpulse shaping design. These systems are commonly referredto as OFDM/OQAM systems [3], [4], [5].We need to choose pulses with good time and frequencylocalisation (TFL) properties. The localisation in time aimsto limit inter-symbol interference (ISI) and the localisation infrequency aims to limit inter-carrier interference (ICI) causedby, e.g., Doppler effects and carrier frequency offset. Amongdifferent prototype filters, such as half-cosine, root-raised-cosine [6], isotropic orthogonal transform algorithm (IOTA)[5], [7], extended Gaussian function (EGF) [8], etc., thelocalisation property is optimal with the IOTA function whichhas the same shape in time and frequency domains. Havinga certain level of ISI (due to channel dispersion) and ICIwhen the channel is time varying is a common problem inmulticarrier systems, however it is shown that OFDM/OQAM
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with IOTA pulse shaping is more resistant to these interfer-ences [9]. OFDM/OQAM systems provide orthogonality inthe real domain, therefore, instead of using complex basebandsymbols as in OFDM/QAM scheme, real valued symbolsmodulated by offset QAM are transmitted on each sub-carrier[5]. OFDM/OQAM systems and conventional OFDM systemsin a realistic mobile communication context (in both time andfrequency dispersive channels) have been compared in [10],[11], [12] where it was shown that the performance advantageof OFDM/OQAM with IOTA pulse shaping over conventionalOFDM can be up to 4.5 dB depending on different types ofwireless propagation channels.
Despite all the advantages, the currently developedOFDM/OQAM system is far from its best achievable perfor-mance. There are still gains to be attained if some of its specialproperties can be leveraged to maximum advantage. One ofthese properties is its intrinsic interference which has not yetbeen utilized in detecting the desired symbols. This motivatesus to investigate the system’s capacity limits, to provide uswith guidelines for the design of coding, channel estimationand demodulation techniques for OFDM/OQAM systems.
In practical systems an adaptive coding and modulation(ACM) technique for OFDM systems is used [13]. With ACMit is possible to dynamically modify the coding rate andmodulation scheme for each frame, according to the measuredchannel conditions where the frame is received. This techniqueprovides better channel protection and exploits the capacity ofbroadband frequency selective channels. The ACM techniquecan be applied to OFDM/OQAM systems in a similar manner.
In this contribution we investigate the information-theoreticcapacity of OFDM/OQAM systems with IOTA pulse shap-ing and compare it with that of OFDM/QAM systems. Thecapacity is calculated for input with Gaussian distributionwhich is never the case in practice. We thus take into accountrealistic assumptions to improve the accuracy of the proposedanalysis. Furthermore, the derived model is later extended byincorporating intrinsic interference utilization and the effect ofISI and ICI is analyzed.
The rest of the paper is outlined as follows. In Sec. II afterpresenting the system model for an OFDM/OQAM system, wederive its information-theoretic capacity. The extended modelwhere the intrinsic interference is utilized is presented in Sec.III. In Sec. IV we derive the capacity of an OFDM/OQAMsystem with IOTA pulse shaping when the system suffers fromISI and ICI. Finally, conclusions are drawn in Sec. V.
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II. CAPACITY OF IOTA SYSTEM
We assume a multicarrier system with N subcarriers. Thetransmitted signal for an OFDM/OQAM system will be
s(t) =
∑
n∈Z
N−1∑
m=0
an,mgn,m(t), (1)
where am,n is the symbol modulated by the m-th sub-carrierat the symbol time of index n, and
gn,m(t) = g(t− nτ0)
exp(j [π(m+ n)/2) + 2πmν0t]), ν0τ0 = 1/2, (2)
representing the synthesis basis, which is obtained by the timefrequency translation of the IOTA prototype function g(t). Inan OFDM system, the synthesis basis can be expressed as
gn,m(t) = g(t− n(T + Tcp)) exp(j2πmFt), TF = 1 (3)
where T , Tcp and F are the symbol duration, the cyclic prefixduration and inter-carrier frequency spacing, respectively, and
g(t) is the rectangular function. After passing through thedoubly dispersive channel, the received signal will be
r(t) =
∑
n,m
an,m
∫∫
H(τ, ν)gn,m(t−τ)ej2πνtdνdτ+v(t), (4)
where H(τ, ν) is the Fourier transform of channel impulseresponse. The integration intervals depend on the channeldelay spread, τmax, and the maximum Doppler frequency fD.Without loss of generality, we assume al,k is the symbol to bedetected. The demodulator output can be expressed as [14]
al,k = R{〈r(t), gl,k(t)〉}. (5)
The IOTA demodulator can be implemented by filter banksfollowed by an fast Fourier transform (FFT) block, as shown inFig. 1. The system uses offset modulation for which the I and
Q signal components are mis-aligned by half a symbol inter-val. Like in the transmitter, the FFT operations are conductedseparately for the I and Q components of OQAM symbols.This block diagram of OFDM/OQAM systems shows thatthe complexity of an OFDM/OQAM system is roughly twicecompared to that of the conventional OFDM while havingvarious advantages as mentioned earlier. As indicated by thisfigure, the imaginary part of the equalised and phase correctedsignal from the I channel and the real part of the equalisedand phase corrected signal from the Q channel are regardedas intrinsic interference and not used for data detection. Inorder to find the theoretical gain achieved by OFDM/OQAMsystems with IOTA pulse shaping compared to OFDM/QAMwe shall now derive the capacity of an OFDM/OQAM system.According to [7] the tolerance of OQAM modulation todelay is approximately equal to 86%, therefore we can haveISI free communication as long as τmax 6 14%T . Underthis condition, considering that OFDM/OQAM systems avoidinterference and maintain orthogonality in real field amongsub-carriers, the capacity of an OFDM/OQAM system can becalculated by using the capacity formula for parallel channels
C =
1
T
∑
k∈K
log2 (1 + SNRk) , (6)
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Fig. 1. Block diagram of the IOTA receiver.
where T is the symbol duration and SNRk is the signal tonoise ratio (SNR) of subchannel k. K is the set of subcarrierindices for those used subcarriers, i.e., K ⊆ {0, 1, . . . , N−1}.In the case when each subchannel experiences flat fading, let
hk(i) represent the complex channel gain of fading process atsubcarrier k, the ergodic capacity under fading channel is
C = E
[
1
T
∑
k∈K
log2
(
1 +
P kS
Nk0
|hk|2
)]
, (7)
where P kS and Nk0 are the power of the received symbol andnoise variance for subcarrier k, respectively. In order to havea more practical evaluation we take into account finite sizeconstellations.The SNR gap approximation, first introduced by D. Forney,is a convenient way of expressing the achievable rates when asuboptimal transmission scheme is used that aims at a givenprobability of symbol error, Pe [15]. Thus, using the gapapproximation the rate achieved by a discrete constellationover an additive white Gaussian noise (AWGN) channel canbe expressed in a form similar to Shannon’s capacity formula.In this paper, to study the effect of modulation on the capacityof OFDM/OQAM systems we adopt the SNR gap concept.To achieve a given data rate at a given probability of errorwith a specific modulation scheme, a value of SNR higherthan that suggested by Shannon’s capacity is required. Thisextra amount of power is called the SNR gap, denoted in thispaper by Γmod. The SNR gap is widely studied in the singleuser case for different modulation schemes by consideringthe error probability relation with the modulation order andSNR. Please notice that by separating real and imaginarycomponents in offset modulations the overall data rate won’tchange comparing to the conventional modulation for OFDMsystems. Therefore, the SNR gap concept will be valid forOFDM/OQAM systems as well. The maximum achievablerate for an OFDM/OQAM system with finite size constellationmodulation under AWGN channel can be expressed as follows
R =
1
T
∑
k∈K
log2
(
1 +
SNRk
Γmod
)
=
1
T
∑
k∈K
log2
(
1 +
P kS
ΓmodNk0
)
, (8)
For a system with M -QAM modulation, Γmod is calculatedas follows [16]:
Γmod (Pe,M) =
[
Q−1
(
MPe
2 (M − 1)
)]2
/3. (9)
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In Fig. 2, the spectral efficiency of an OFDM/OQAM systemis compared with that of an OFDM/QAM system based onIEEE 802.11a specifications. The FFT size of both systemsis equal to 64. The modulation scheme is 16-QAM for theOFDM system and 16-OQAM for the IOTA system. TheOFDM symbol duration is equal to 4μs and the CP durationis determined using channel delay spread. The results showthat the OFDM/OQAM system benefits from a gain of 1.1
dB at spectral efficiency of 2 bits/s/Hz compared with theOFDM/QAM system.
III. CAPACITY OF OFDM/OQAM SYSTEMS WITHUTILIZED INTRINSIC INTERFERENCE
As mentioned earlier in the IOTA receiver the Q componentof the first equalizer output and the I component of the secondsecond equalizer are called intrinsic interference and usuallydiscarded in the modulation process. In [17], [18] the intrinsicinterference is exploited to improve the channel estimation.The authors presented a general theoretical framework forinterference approximation method (IAM) preamble designand applied it to identify the optimal IAM preamble sequencewhich resulted in a higher gain. In [19], the intrinsic inter-ference is exploited instead of being discarded at the receiverside in order to improve the equalization performance. It wasshown in the paper that the real and the time-shifted imaginarycomponents can be highly correlated. This analysis led to anew simple and efficient equalizer utilizing this correlation.Also in [20] an analysis on intrinsic interference of a causalmultirate OFDM/OQAM systems is conducted. These findingsreveal the fact that the intrinsic information can be exploitedfor performance improvements.In this section we will analyze the effect of complete utiliza-tion of intrinsic interference on the capacity of OFDM/OQAMsystems. The additional information extracted from the intrin-sic interference would increase the maximum achievable rate,due to the added power of the desired signal, i.e.,
C =
1
T
∑
k∈K
log2
(
1 +
P kS + P
k
I
ΓmodNk0
)
, (10)
where P kI is intrinsic interference’s power at subcarrier k.The intrinsic interference corresponding to the detectedsymbol al,k can be expressed as [21]
Il,k =
∑
(n,m) 6=(l,k)
an,m∫∫∫
R
H(τ, ν)gn,m(t− τ)ej2πνtg∗n,m(t)dνdτdt. (11)
By applying auto-ambiguity function
Ag(τ, ν) =
∫
R
e−j2πνtg(t+ τ/2)g∗(t− τ/2)dt, (12)
the interference can be reformed as
Il,k =
∑
(p,q) 6=(0,0)
al+p,k+q
∫∫
R
H(τ, ν)A∗g(qτ0 + τ, pν0 + ν)
ejπ(qτ0ν−pν0τ)ejπ(2kτ0ν−2lν0τ+τν)dνdτ, (13)
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Fig. 2. Spectral efficiency of an OFDM/OQAM system.
where p = n− l and q = m−k. Assuming that the channel ismoderately dispersive (τmax¿ τ0 and fD¿ ν0), the ambiguityfunction has relatively low variation around the lattice points(qτ0, pν0). Thus, for |τ | 6 τmax, |ν| 6 fD we have
Il,k =
∑
(p,q) 6=(0,0)
al+p,k+qA
∗
g(qτ0, pν0)∫∫
R
H(τ, ν)ejπ(2kτ0ν−2lν0τ+τν)dνdτ. (14)
Assume all the transmitted symbols are independent withuniform energy, i.e.,
E{an,ma∗n′,m′} =
{
1, n = n′ and m = m′
0, otherwise. (15)
The energy of the intrinsic interference at subcarrier k will be
EkI = E{Il,kI∗l,k}
= E{
∑
(p,q) 6=(0,0)
|Ag(qτ0, pν0)|2
∫∫∫∫
R
H(τ, ν)H∗(τ ′, ν′)
ejπ(2kτ0ν−2lν0τ+τν−2kτ0ν
′+2lν0τ ′−τ ′ν′)dνdτdν′dτ ′}
=
∑
(p,q) 6=(0,0)
|Ag(qτ0, pν0)|2
∫∫∫∫
R
E{H(τ, ν)H∗(τ ′, ν′)}
ejπ(2kτ0ν−2lν0τ+τν−2kτ0ν
′+2lν0τ ′−τ ′ν′)dνdτdν′dτ ′}
=
∑
(p,q) 6=(0,0)
|Ag(qτ0, pν0)|2
∫∫
R
Sh(τ, ν)dνdτ,
(16)
where for a wide sense stationary uncorrelated scattering(WSSUS) channel, Sh(τ, ν) is defined as the scattering func-tion [22]. One of the most commonly used WSSUS doublydispersive channels, in which an exponential delay powerprofile and a U-shaped Doppler power spectrum are assumed,is defined by its scattering function in the following way [22]
Sh(τ, ν) =
e
−|τ|
τRMS
τRMS
1
πfD
√
1− ( ν
fD
)2
, (17)
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where τRMS is the RMS delay spread. The power of intrinsicinterference at subcarrier k, P kI , can be found by dividing thecalculated energy in (16) by symbol duration T .The analytical results are shown in Fig. 2 where one cansee how utilizing the intrinsic interference can improve thespectral efficiency of the system. An SNR gain of 2.9 dB isachieved at spectral efficiency equal to 2 bits/s/Hz com-pared to the OFDM/OQAM without interference utilization.This result motivated further studies on methods that canextract the information from the intrinsic interference of anOFDM/OQAM system to improve its performance. [23]
IV. OFDM/OQAM UNDER FREQUENCY SELECTIVEFADING CHANNELS
In previous sections we have analyzed a fading model whichis appropriate if the Nyquist sampling period is large comparedto delay spread of multi-paths in the received signal, so thatindividual paths are not resolvable in the sampled system. Forwideband applications, the multi-paths can be resolved, andhence channel has memory. The appropriate model in this caseis the frequency selective fading channel. In this section, weextend our previous results for OFDM/OQAM to this model.We denote h[l] as the lth channel tap. In order to considerthe ISI and ICI effect we follow the procedure provided in[24]. The discrete-time demodulated signal at (n0,m0) can beexpressed as [25]
yn0,m0 = βm0an0,m0 + Jn0,m0 + vn0,m0 , (18)
with
βm0 =
∑
l
h[l]e−j
2π
N m0lAg[−l, 0], (19)
where Ag[l, k] is the sampled version of the auto-ambiguityfunction Ag(τ, ν). The complex-valued term Jn0,m0 whichstands for the ISI (due to random propagation delay and multi-path fading)+ICI (due to Doppler-spread of the channel) is
Jn0,m0 =
∑
(p,q) 6=(0,0)
an0+p,m0+qe
j[π2 (p+q+pq)+πqn0] (20)
∑
l
h[l]e−j
π
N (2m0+q)lAg[−pN
2
− l, q]︸ ︷︷ ︸
hp,q(m0)
.
Therefore the power of ISI+ICI at the output of one-tap ZFequalizer can be derived according to [24] as
PISI+ICI(m0) =
2σ2b
∑
(p,q) 6=(0,0)
∣∣∣∣R{ej π2 (p+q+pq)hp,q(m0)hm0
}∣∣∣∣2 . (21)
The choice of (p, q) depends on the prototype filter. Con-sidering that IOTA is optimized for time and frequency local-ization, the energy of its ambiguity function will not spread toa large neighborhood zone. The capacity for an IOTA systemwith ICI+ISI is
C = E
[
1
T
∑
k∈K
log2
(
1 +
P kS
P kISI+ICI +N
k
0
|hk|2
)]
. (22)
Fig. 2 shows the effect of ISI+ICI on spectral efficiency ofthe OFDM/OQAM system when a channel model of SUI-3 (Stanford University Interim) is applied. The CP duration(0.8μs) for OFDM symbol is less than the expected delayspread of the SUI-3 channel, therefore the OFDM systemsuffers from ISI+ICI. Also for the OFDM/OQAM we have
τmax ≥ 0.14∗4(μs), therefore the OFDM/OQAM system willhave the same level of average ISI+ICI as in the OFDM sys-tem. As it is shown for higher SNRs the spectral efficiency ofconventional OFDM is lower than the one for OFDM/OQAMsystems when both systems have ISI+ICI.
V. CONCLUSIONS
OFDM/OQAM systems can be designed to improve thepower and spectral efficiencies of a wireless communica-tion system. In this paper we carried out an information-theoretic analysis of OFDM/OQAM systems with IOTA pulseshaping to gain insights into the gains that can be achievedby exploiting special properties inherent in OFDM/OQAMsystems. First, we analyzed the capacity of an OFDM/OQAMsystem for inputs with Gaussian distribution. For practicalconsiderations, we extended the formula to the case with finitesize constellations. The comparison of spectral efficiency of anOFDM/OQAM system with an OFDM/QAM system showsthat a gain of 1.1 dB at spectral efficiency of 2 bits/s/Hzcan be achieved. Furthermore, the effect of ISI+ICI on thespectral efficiency of OFDM/OQAM systems were evaluatedand we have shown that in terms of spectral efficiency theOFDM/OQAM remained superior to the OFDM.Our analytical model is further developed to analyze the ef-fect of utilized intrinsic interference on the spectral efficiencyof an OFDM/OQAM system, and is shown that compared toconventional OFDM systems a considerable gain of 4 dB intotal at spectral efficiency of 2 bits/s/Hz can be achievedunder SUI-3 channel. Those promising results motivate furtherresearch on the utilization of the intrinsic interference in orderto explore the potential to attain the maximum performancegain in future OFDM/OQAM systems. [23]
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